SUMMARY In nine patients with severe left ventricular failure caused by coronary artery disease or congestive cardiomyopathy, left ventricular pressure, cardiac output, coronary sinus blood flow, and myocardial substrate extraction were measured before and during infusion of sodium nitroprusside. Infusion of 55 ,ug/min reduced left ventricular systolic and end-diastolic pressures, peripheral resistance, coronary sinus flow, and myocardial oxygen consumption. Left ventricular minute work increased slightly, but the large improvement in myocardial efficiency was mainly the result of decreased oxygen consumption. Doubling the infusion rate to 110 ,ug/min caused no further decrease in ventricular pressures depite further reduction of peripheral resistance; as myocardial oxygen consumption did not change, the further improvement in efficiency was due to increased external work, the result of increased stroke volume. Thus, nitroprusside appears to improve efficiency in low dose by reducing load (ventricular pressure and volume decrease) and in high dose by increasing work at constant load.
,ug/min caused no further decrease in ventricular pressures depite further reduction of peripheral resistance; as myocardial oxygen consumption did not change, the further improvement in efficiency was due to increased external work, the result of increased stroke volume. Thus, nitroprusside appears to improve efficiency in low dose by reducing load (ventricular pressure and volume decrease) and in high dose by increasing work at constant load.
The large reduction in coronary sinus flow during the infusion of 55 ,ug/min did not provoke angina or lactate production, and thus reflected decreased myocardial oxygen demand and not inadequate perfusion pressure. The improvement in efficiency during nitroprusside infusion was not accompanied by significant changes in arterial concentration, extraction ratio, or oxygen extraction ratio of any of the substrates measured, and substrate consumption fell in proportion to coronary flow. Six patients performed isometric exercise during and after nitroprusside infusion. Off nitroprusside exercise increased heart rate, systolic pressure, and peripheral resistance; end-diastolic pressure rose in five patients. Myocardial oxygen consumption increased proportionately more than work to produce a small but significant decrease in efficiency. Exercise during nitroprusside infusion did not increase heart rate and peripheral resistance significantly, but end-diastolic pressure and myocardial oxygen consumption rose substantially, causing a large reduction in efficiency. Thus, though nitroprusside improves the performance of the failing heart, the gain in efficiency is precarious, and is substantially eroded by the stress of isometric exercise. The micromanometer signals were displayed on a Cambridge 12 channel recorder, and analysed on line by a Varian computer (620/L-100) to yield max dP/dt and KV max. Mean systolic pressure was derived by planimetric integration of the ventricular pressure trace and used in the calculation of stroke work, minute work, and peripheral resistance. Dye dilution curves were analysed by a Schwarzer IVH 3 cardiac output computer. Coronary sinus blood flow was estimated by constant infusion thermodilution,'4 and blood oxygen content measured upon a LEX 02 CON-TL. Blood samples were added to aliquots of perchloric acid for subsequent photometric estimation of lactate and pyruvate,'5 acetoacetate and hydroxybutyrate'6 and glycerol,17 and to sequestrene tubes for estimation of free fatty acids. '8 Myocardial oxygen consumption was calculated as coronary sinus flow x arteriocoronary sinus 02 differences. Cardiac efficiency was estimated as:
LV minute work (kg m/min)x 100 (Normal = 40%) Myocardial oxygen consumption x 2 059 x 0-8067
The extraction ratio of a substrate is defined as the difference in concentration between arterial and coronary sinus blood as a percentage of arterial concentration. The oxygen extraction ratio is the oxygen that would be required for complete oxidation of the amount of that substrate extracted expressed as a percentage of measured oxygen extraction.
Statistical analysis was by Student's t test. Values are expressed as mean ± SEM (p<0 05 is considered significant).
Results
Each of the nine patients studied had evidence of severe left ventricular disease. Their angiographic and basal haemodynamic results are listed in Table 1 . Four had normal coronary arteriograms and were diagnosed as having congestive cardiomyopathy. The five patients with coronary artery disease were limited by dyspnoea rather than by angina. The effects of nitroprusside administration are shown in Fig. 1 and 2 . Infusion of 55 jig/min significantly reduced peak left ventricular systolic pressure from 93 ± 5 mmHg to 81 ± 3 mmHg (p<0-01), end-diastolic pressure from 23±2 mmHg to 11±3 mmHg (p<0-01), and peripheral resistance from 31±4 units to 25±4 units (p<0-01). The changes in heart rate from 107±7 to 106±7 beats/ min, KVmax from 78±4/s to 65±7/s, and max dP/dt from 888±88 mmHg/s to 849±59 mmHg/s were not significant. Cardiac output increased from 2.87±0i36 1/min to 3 32±0i44 1/min (p<005), and left ventricular minute work from 2 16±034 kg m/min to 2 52±0A32 kg m/min (p<0 O1). There were substantial reductions in coronary sinus flow, from 195±19 ml/min to 139±12 ml/min (p<0 O1) and myocardial oxygen consumption from 22 5i±28 ml/ min to 14-2±1i2 ml/min (p<OO1), and efficiency increased from 6-4%±1F1 to 11-5%±1F8 (p<00l). 25 The effect of sodium nitroprusside upon cardiac energetics can be examined by using Bing's method7 of estimating the overall efficiency of the heart, which relates external work to myocardial oxygen consumption. While there are objections to this method,26 27 the oxygen cost of external work is of clinical importance. External work does not determine myocardial oxygen consumption, but the two are related in the normal heart7 because a fairly constant proportion of wall tension is transformed into external work by the large reduction of cavity dimensions during systole. In our patients the pressure component of work (mean systolic pressure minus end-diastolic pressure) was similar in the control state and at each dose of nitroprusside, so that changes in stroke volume determined changes in external work. The oxygen cost of developing this pressure was reduced by nitroprusside because of decreases in ventricular volume and the absolute values of pressure. The gain in efficiency at the low dose was the result mainly of this reduction in myocardial oxygen consumption, whereas the further improvement at the higher dose was because of the increased external work consequent upon greater stroke volume.
Efficiency so defined bears a complex relation to load8: it is maximum at intermediate loads, falling steeply at high and low loads.8 20 In order to remain efficient in different circumstances the normal heart maintains load within reasonable limits. The steep slope relating stroke volume to filling pressure, the Anrepp effect, and increased contractility all prevent dilatation and hence excessive load. In normal subjects isometric exercise increases heart rate, myocardial contractility, arterial pressure, and cardiac output without change in peripheral resistance.28 The increase work is performed at constant end-diastolic pressure.28 Myocardial oxygen consumption and external work increase in proportion so that efficiency does not decrease. In our patients the haemodynamic changes during isometric exercise when off nitroprusside were similar to those reported previously in patients with heart failure28 29; peripheral resistance increased and end-diastolic pressure rose in five of the six. Myocardial oxygen consumption increased proportionately more than external work, so there was a small, but significant decrease in efficiency. When exercise was performed during nitroprusside infusion myocardial oxygen consumption increased substantially even though heart rate and peripheral resistance did not increase significantly, and there was only a small increase in systolic pressure. Though isometric exercise may decrease ventricular distensibility,30 the large rises in end-diastolic pressure and oxygen consumption suggest that the ventricle dilated in response to exercise. External work decreased insignificantly, and efficiency fell by nearly half. Thus, though initially higher on nitroprusside, efficiency decreased proportionately more during exercise than before the drug. These results show how precarious and sensitive to increased load is the improvement in efficiency caused by nitroprusside.
Conflicting results have been reported of the effects of nitroprusside upon myocardial ischaemia in patients with coronary artery disease.9 10 The large reduction in coronary flow during infusion of 55 ,g/min of nitroprusside did not provoke angina or lactate production in any patient, suggesting that it reflected decreased myocardial oxygen demand rather than inadequate perfusion pressure. The resting lactate production observed in one patient with coronary artery disease was abolished by nitroprusside infusion. It is unlikely, however, that the haemodynamic improvement during drug administration in the patients with coronary artery disease was the result of relief of ischaemia, as only one of them had metabolic evidence of ischaemia at rest, and comparable haemodynamic improvement was seen in the patients with congestive cardiomyopathy, each of whom had a high basal lactate extraction ratio.
One patient with cardiomyopathy produced lactate at the higher dose, but the significance of this is uncertain, as it was not associated with pain, electrocardiographic abnormalities, or haemodynamic deterioration.
Nitroprusside caused no change in the extraction, extraction ratio, or oxygen extraction ratio of any substrate measured. The relation between oxygen uptake and substrate consumption did not change, and reduced substrate requirement was met by decreased coronary flow rather than by reduced extraction. The large improvements in efficiency were not associated with metabolic changes.
This study shows that nitroprusside has beneficial effects upon both stroke volume and myocardial energy requirements in patients with severe heart failure. At the lower dose the major effect was reduction of load and hence myocardial oxygen consumption, whereas at the higher dose stroke volume increased with little further change in load. 
